1. Introduction {#sec0005}
===============

Since their debut on the American market in 2007, electronic cigarettes (e-cigarettes) have quickly gained worldwide popularity, becoming a multi-billion dollar industry (U.S. Department of Health and Human Services. Centers for Disease Control and Prevention, 2016). E-cigarettes are noncombustible nicotine delivery devices that were first marketed as a smoking cessation tool and healthier alternative to conventional cigarettes \[[@bib0005]\]. An e-cigarette is composed of a battery that activates a heating element, which vaporizes a liquid in a chamber into an aerosol. The aerosol generated is then inhaled by the user in a process called vaping. The liquid in the e-cigarette, often called an e-liquid, is typically composed of varying concentrations of nicotine, flavoring agents and humectants such as propylene glycol (PG) and vegetable glycerin (VG).

The rapid rise in popularity of e-cigarettes among adult and youth smokers and never-smokers raises concerns as the effects of e-cigarette use on human health remain under investigated. In the US alone, it is estimated that 20.8 % of high school students and 4.9 % of middle school students were current e-cigarette users in 2018, which represents a 78 % increase in use among high school students and a 48 % increase among middle school students during the 2017--2018 period \[[@bib0010]\]. Studies suggest the rise in e-cigarette use among youth is linked to the availability of appealing flavors and the recent popularity of discreet e-cigarette models shaped like a USB flash drive \[[@bib0010],[@bib0015]\]. While the adverse consequences of conventional cigarette use are well established, the potential health risks of e-cigarette use require further research.

Several reports associate e-cigarette use with respiratory, gastrointestinal and cardiovascular complications including pulmonary damage \[[@bib0020]\], relapse of ulcerative colitis \[[@bib0025]\] and disrupted endothelial function \[[@bib0030]\]. While many studies focus on the respiratory and cardiovascular systems, the impact of e-cigarette use on the skeletal system is still unknown. Adolescence is a critical period for skeletal development as more than half the skeleton is laid down during teenage years \[[@bib0035]\] with the peak bone mass being reached during the mid-thirties \[[@bib0040]\]. Therefore, young e-cigarette users are potentially impairing their bone health if vaping disrupts their bone development. Since the amount of bone acquired at the end of skeletal development is considered to be a significant factor of lifelong skeletal health \[[@bib0045]\], teenage e-cigarette users could be increasing their risk of developing osteoporosis later on. Osteoporosis is a disease characterized by fragile bones due to low bone mass and deteriorated bone structure \[[@bib0050]\]. As osteoporosis is the most common chronic metabolic bone disease and is becoming a global epidemic \[[@bib0050]\], it is necessary to determine risk factors that affect the prevalence of this disease.

Contrary to the belief that e-cigarette aerosol is safe, many studies report the presence of harmful chemicals other than nicotine. Some chemicals present in e-cigarette aerosol include carcinogens such as formaldehyde and acrolein \[[@bib0055]\], heavy metals like nickel and lead \[[@bib0005]\], and flavoring agents such as diacetyl which causes bronchiolitis obliterans \[[@bib0060]\]. With over 8000 different flavors on the market, the broad and rapid development of e-cigarette products outpaces scientific research. Despite being classified as "generally recognized as safe" for ingestion by the Flavor Extracts Manufacturers Association \[[@bib0005]\], the health effects of these flavoring agents when inhaled remain to be characterized. In particular, cinnamon-flavored e-liquids have gained special attention with *in vitro* exposure studies showing high cytotoxicity \[[@bib0065], [@bib0070], [@bib0075], [@bib0080], [@bib0085]\], increased inflammatory response \[[@bib0090], [@bib0095], [@bib0100]\] and impaired neutrophil phagocytotic function \[[@bib0090]\]. Additionally, cinnamaldehyde itself, the main chemical agent providing a cinnamon flavor, is highly cytotoxic in *in vitro* studies \[[@bib0100], [@bib0105], [@bib0110]\] and impairs bronchial epithelial cell ciliary motility \[[@bib0115]\]. One study found cinnamaldehyde in 20 out of 39 e-liquids tested with concentrations ranging from 1.7 × 10^−5^ to 1.1 M \[[@bib0105]\]. The high concentrations of flavoring agents found in e-liquids \[[@bib0105],[@bib0110]\] and the adverse effects observed in these studies suggest the need to further investigate the effects of cinnamon-flavored e-liquids on human health, specifically in bone.

Conventional tobacco cigarette use is associated with the development of osteoporosis as it can disrupt calcium homeostasis and impair osteoblast function, thereby reducing bone mineral density \[[@bib0120], [@bib0125], [@bib0130], [@bib0135], [@bib0140]\]. First, smoking conventional tobacco cigarettes decreases intestinal calcium absorption and alters the blood concentration of adrenal cortical hormones that act as precursors of estrogen and testosterone \[[@bib0135]\]. Tobacco smoke also induces an increase in production of parathyroid hormone and cortisol or a reduction in vitamin D metabolism, indirectly affecting the bone remodeling process \[[@bib0120],[@bib0140]\]. Finally, tobacco smoke can directly target osteoblasts, disrupting their proliferation, differentiation and matrix deposition \[[@bib0130]\]. Osteoblasts are bone-forming cells which are essential in the mineralization of bone and production of collagen \[[@bib0145]\] such as collagen type I, the major structural organic component of the extracellular matrix \[[@bib0150]\]. Our previous report shows that a mango-flavored e-liquid upregulates collagen type I protein expression, suggesting a disruption in osteoblast function \[[@bib0080]\]. This study further explores the impact of cinnamon-flavored e-liquids on collagen type I protein expression to determine how e-cigarette could affect bone health. Conventional tobacco cigarette is also known to induce oxidative stress both in *in vitro* and *in vivo* experiments, increasing production of reactive oxygen species (ROS) in ovarian cells \[[@bib0155]\], elevating intracellular oxidative stress in corneal epithelial cells \[[@bib0160]\], causing oxidative lipid damage in rats \[[@bib0165]\], and inducing cardiovascular mitochondrial oxidative stress in mouse models \[[@bib0170],[@bib0175]\].

A possible mechanism behind the observed cytotoxicity of e-liquids and aerosols is the induction of oxidative stress, which results from an imbalance between the antioxidant defenses of cells and the production of ROS. E-liquids and flavoring agents increase the levels of ROS in cell-free systems \[[@bib0095],[@bib0100]\], and the levels of ROS produced is linked to the flavoring chemicals present in the e-liquids \[[@bib0095],[@bib0180]\]. Additionally, e-cigarette aerosols are shown to induce ROS production in bronchial cells, keratinocyte \[[@bib0185]\] and vascular endothelial cells \[[@bib0190]\]. Exposure to e-cigarette aerosol also decreases the antioxidant power of bronchial cells and keratinocyte \[[@bib0185]\] in addition to reducing the levels of glutathione, an important antioxidant protein, in oral keratinocytes \[[@bib0195]\]. *In vivo* exposure to e-cigarette aerosols induces a reduction in the ferric reducing antioxidant power in a rat lung model \[[@bib0200]\]. Furthermore, a recent vaping human study reports increased low-density lipoprotein oxidizability when comparing e-cigarette users with nonuser control participants \[[@bib0205]\]. Taken together, these studies propose a potential mechanism through which e-cigarette use could affect tissues, justifying the current research which examines the impact of *in vitro* exposure to cinnamon-flavored e-liquids and aerosols on oxidative stress in bone-forming osteoblasts.

*In vitro* studies report similar effects of unvaped and aerosolized e-liquids, showing the potential of unvaped e-liquid exposure as a first-pass screening method \[[@bib0210],[@bib0085],[@bib0215]\]. In our previous report, we used a variety of flavored unvaped e-liquids and identified cinnamon-flavored e-liquids as the most cytotoxic in osteoblasts-like cells \[[@bib0080]\]. In order to simulate more closely the experience of an e-cigarette user, this follow-up study includes aerosolized e-liquid exposure. Additionally, it is important to note that multiple studies demonstrate the effects of flavored e-liquids can be independent of the presence of nicotine \[[@bib0065],[@bib0080],[@bib0085],[@bib0220],[@bib0225]\]. This is further supported by studies showing that flavoring agents alone can disrupt cellular function \[[@bib0100],[@bib0115],[@bib0230]\]. These findings provide a compelling rationale for the present study which focuses on the effects of nicotine-free e-liquids and aerosols.

As conventional tobacco use is a well-known risk factor for osteoporosis, we hypothesize that e-cigarette use impairs bone function by targeting bone-forming osteoblasts. In this study, human osteoblast-like cells MG-63 were exposed to commercially available, nicotine-free e-liquids and aerosol condensates in order to assess their effects on cell viability, collagen type I protein expression and ROS production. Since our previous research indicates e-liquid cytotoxicity is flavor-dependent \[[@bib0080]\], this study focuses on flavorless and cinnamon-flavored e-liquids to develop our understanding of the possible health risks associated with e-cigarette use.

2. Materials and methods {#sec0010}
========================

2.1. Cell culture {#sec0015}
-----------------

The human osteosarcoma cell line MG-63 was purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained using established culture conditions \[[@bib0080],[@bib0235]\]. Briefly, MG-63 cells were cultured in minimal Eagles medium (EMEM) supplemented with 10 % fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 2 mM [l]{.smallcaps}-glutamine, 100 IU/mL penicillin and 100 μg/mL streptomycin (Sigma--Aldrich, St. Louis, MO, USA). Cells were cultured at 37 °C in air containing 5 % CO~2~. For routine maintenance, medium was changed every 3--4 days and cells were subcultured weekly.

2.2. Sources of e-liquids {#sec0020}
-------------------------

Three commercially available e-liquids were purchased online for this study from two different brands, namely Mister-E-liquid (<https://www.mister-e-liquid.com/>) and Vape Dudes (<https://www.vapedudes.com>). Each e-liquid was in a sealed bottle labeled by the manufacturer as containing 0 mg/mL nicotine. Two cinnamon-flavored e-liquids were chosen for this study, namely Cinn Candy from Vape Dudes and Napalm from Mister-E-liquid. One flavorless e-liquid was selected as a control, Clear from Mister-E-liquid. The PG/VG ratio for each e-liquid was 50/50. PG and VG are used in e-liquids as humectants to keep flavorings in suspension and facilitate vaporization when heated.

2.3. E-liquid aerosol condensate preparation {#sec0025}
--------------------------------------------

An aerosol condensate of each e-liquid was generated using a vacuum to pull vaped e-liquid aerosol into a three-necked round bottom flask placed in ice. The e-cigarette used was a tank-model SMOK alien 220 W kit set to a wattage of 60 W. A new atomizer was used for each aerosol condensate preparation. The e-cigarette was connected to the flask via a plastic tube that was cleaned after every 5 puffs to ensure proper flow of the aerosol. A total of 40 puffs was collected for each aerosol condensate, with each puff lasting 3 s separated by a 27-seconds waiting time. The flow rate was set at 1 L/min. E-liquid aerosol condensates were generated in a method similar to previous aerosolized exposure studies \[[@bib0090],[@bib0240]\].

2.4. Cell treatment {#sec0030}
-------------------

Cells were plated at different densities according to the assay. After 24 h, the culture medium was changed, and treatment was initiated in the serum-free and phenol-red free Opti-MEM medium (Invitrogen, Carlsbad, CA, USA). Treatments were prepared by diluting unvaped e-liquid or e-liquid aerosol condensate in Opti-MEM serum-free medium. Cells were exposed for either 24 h or 48 h to 0.0.4 %, 0.04 %, 0.4 % or 1.0 % of unvaped, nicotine-free e-liquids or to 0.0025 %, 0.025 %, 0.25 %, 1.0 % or 2.5 % of nicotine-free aerosol condensate. Volumes for the treatment dilutions were chosen based on previously reported cell culture conditions for e-liquids and aerosol condensates \[[@bib0075],[@bib0090],[@bib0240]\]. All experiments included an additional control whereby cells were treated with Opti-MEM serum-free medium only.

2.5. Cell viability assay {#sec0035}
-------------------------

MG-63 cells were plated at a density of 6 × 10^4^ cells/well in a 96-well plate. After 48 -h treatment, cells were washed with phosphate buffered saline (PBS) and incubated at 37 °C with 10 μg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT; ATCC, Manassas, VA, USA) for 4 h. The conversion of tetrazolium salt MTT to a purple-colored formazan by mitochondrial dehydrogenase was used to assess cell viability. After the supernatant was removed, 100 μL of dimethyl sulfoxide were added to each well and absorbance was read at 570 nm.

2.6. Immunofluorescence for collagen type I protein {#sec0040}
---------------------------------------------------

MG-63 cells were plated at 7 × 10^4^ cells/well in poly-[d]{.smallcaps}-lysine/laminin 8-well culture chamber slides (BD BioSciences, Bedford, MA, USA). After treatment, cells were washed with EMEM serum-free medium, fixed with 3.7 % formaldehyde, rinsed with PBS and permeabilized with cold methanol before being blocked for 1 h with 2 % bovine serum albumin + 0.1 % Triton X in PBS. Cells were incubated with a primary antibody to collagen type I (AbCam, Cambridge, MA, USA) for 90 min, washed twice with 0.1 % Triton X in PBS, and then incubated for 1 h with a secondary antibody conjugated to Alexa Fluor 488. Cells were then washed three times with 0.1 % Triton X in PBS. All incubations were performed at 37 °C. Collagen type I was visualized at 20X using a Nikon Epifluorescence microscope, and digital images were captured using ImagePro software by media Cybergenetics (Silver Spring, MD, USA) using a common exposure time and filter setting for all images.

2.7. Reactive oxygen species (ROS) assay {#sec0045}
----------------------------------------

Cells were plated at a density of 6 × 10^4^ cells/well in a 96-well plate. After 24 -h treatment, cells were washed with PBS and incubated at 37 °C with 5 μM Cell ROX™Green reagent (Invitrogen, Carlbad, CA, USA) for 30 min. Cell ROX™Green reagent is a dye which binds to DNA upon oxidation. Cells were washed once with PBS and then covered with clean PBS before measuring fluorescence using a BioTek Synergy HT fluorometer. Fluorescence intensity was measured at an excitation/emission of 485/528 and a gain of 120. Results were normalized to total number of cells per well.

2.8. Statistical analysis {#sec0050}
-------------------------

For all experiments, the mean ± SEM values represent at least three independent experiments. MTT data and ROS data were analyzed using a one-way analysis of variance followed by a Student-Newman-Keuls for pairwise comparisons. EC~50~ value for each aerosol condensate was calculated with a linear model of the compiled cell viability data. Collagen type I immunofluorescence staining was quantified using Image J software (National Institute of Health, Bethesda, MD, USA), and the amount of staining was expressed as percentage of the total area of the captured image. Immunofluorescence results were analyzed using a t-test. P \< 0.05 was considered statistically significant. Groups with different letters are significantly different from each other. All statistical analyses were performed using the software program SigmaPlot 13.0.

3. Results {#sec0055}
==========

3.1. Cinnamon-flavored aerosol condensate induces greater cytotoxicity than flavorless aerosol condensate {#sec0060}
---------------------------------------------------------------------------------------------------------

Our previous study showed that the degree of cytotoxicity of unvaped e-liquids is flavor-dependent \[[@bib0080]\]. Specifically, cinnamon-flavored e-liquids were found to be the most cytotoxic e-liquids and flavorless e-liquids were the least cytotoxic among a series of 23 e-liquids tested \[[@bib0080]\]. Two cinnamon-flavored and one flavorless e-liquids from two different brands were selected for further cytotoxicity screening using vaped e-liquids. Each experiment included a culture medium only control.

Dose-response MTT experiments using MG-63 cells exposed to selected flavorless and cinnamon-flavored aerosol condensates are shown in [Fig. 1](#fig0005){ref-type="fig"}. A decrease in cell viability was detected after a 48 -h exposure to all aerosol condensates tested compared to culture medium only. It is important to note that the effect was more pronounced with both cinnamon-flavored aerosol condensates ([Fig. 1](#fig0005){ref-type="fig"}B and C) compared to the flavorless aerosol condensate ([Fig. 1](#fig0005){ref-type="fig"}A). Based on the EC~50~ values, Napalm appeared to be more cytotoxic than Cinn Candy with a value of 0.967 compared to 1.295, respectively ([Fig. 1](#fig0005){ref-type="fig"}D). Both Cinn Candy and Napalm aerosol condensates were overly cytotoxic at 2.5 % volume, contributing to high data variability.Fig. 1Effect of e-liquid aerosol condensates on cell viability. MG-63 cells were exposed for 48 h to 0.0025 %, 0.025 %, 0.25 % or 2.5 % of nicotine-free aerosol condensate. Cell viability was determined using the MTT assay at an absorbance of 570 nm. Results are expressed as percentage cell viability. Each bar represents the mean ± SEM of at least three independent experiments. Groups with different letters are significantly different from each other (p \< 0.05). The EC~50~ values are expressed as a percentage volume of the aerosol condensate, which was calculated using a linear model of the compiled cell viability data.Fig. 1

3.2. Collagen type I protein expression remains unchanged upon exposure to aerosol condensate {#sec0065}
---------------------------------------------------------------------------------------------

Next, we explored whether exposure to aerosol condensate alters the expression of collagen type I protein. Cells were treated for 48 h with a non-overly cytotoxic concentration of aerosol condensate and analyzed for cytosolic collagen type I expression with immunofluorescence. As shown in [Fig. 2](#fig0010){ref-type="fig"}A, treatment with 0.25 % aerosol condensate resulted in no observable change in collagen type I protein for any of the aerosol condensates tested. Once the amount of staining was quantified, there was no statistically significant difference between the control and treatment ([Fig. 2](#fig0010){ref-type="fig"}B).Fig. 2Immunofluorescence detection of cytosolic collagen type I protein. MG-63 cells were exposed for 48 h to 0.25 % of nicotine-free aerosol condensate. Images were acquired at 20X magnification, then analyzed and quantified as the percentage area of the image within the intensity threshold using Image J software. Values presented are the mean ± SEM of at least three independent experiments.Fig. 2

3.3. Unvaped cinnamon-flavored e-liquids induce ROS production {#sec0070}
--------------------------------------------------------------

Since the e-liquid aerosol condensates did not induce a change in collagen type I protein, we explored whether the e-liquids and aerosol condensates induce oxidative stress through the production of ROS. First, we exposed the cells to unvaped e-liquids as was previously done for cytotoxicity and collagen type I immunofluorescence experiments \[[@bib0080]\]. Exposure to unvaped cinnamon-flavored e-liquids for 24 h significantly increased ROS production at concentration of 0.4 % volume for Napalm ([Fig. 3](#fig0015){ref-type="fig"}C) and 1.0 % volume for Cinn Candy ([Fig. 3](#fig0015){ref-type="fig"}B). The Napalm aerosol condensate was only tested up to a concentration of 0.4 % volume as the 1.0 % treatment was too cytotoxic. It is interesting to note that Napalm appears to have stronger effect on MG-63 cells than Cinn Candy because a lower concentration of e-liquids was required to induce a significant increase in ROS production. Cells exposed to the flavorless e-liquid Clear ([Fig. 3](#fig0015){ref-type="fig"}A) did not show a significant change in ROS production at any concentration tested.Fig. 3Effect of unvaped e-liquids on reactive oxygen species production. MG-63 cells were exposed for 24 h to 0.0.4 %, 0.04 %, 0.4 % or 1.0 % of unvaped, nicotine-free e-liquid. Results are expressed as fluorescence intensity per cell number. Each bar represents the mean ± SEM of at least six independent experiments. Groups with different letters are significantly different from each other (p \< 0.05).Fig. 3

3.4. Cinnamon-flavored aerosol condensates induce ROS production {#sec0075}
----------------------------------------------------------------

Since the cinnamon-flavored e-liquids appear to induce an increase in ROS production, we explored whether exposure to aerosol condensates would produce a similar response profile. Exposure to cinnamon-flavored aerosol condensates for 24 h significantly increased the production of ROS at concentration of 0.25 % volume for Napalm ([Fig. 4](#fig0020){ref-type="fig"}C) and 1.0 % volume for Cinn Candy ([Fig. 4](#fig0020){ref-type="fig"}B). Once again, MG-63 cells appear to be more sensitive to Napalm aerosol condensate compared to Cinn Candy based on the aerosol condensate concentration required to induce a significant increase in ROS production. Cells exposed to the flavorless e-liquid Clear ([Fig. 4](#fig0020){ref-type="fig"}A) did not show a significant change in ROS production. Interestingly, based on the ROS intensity/cell number, the increase in ROS was much more pronounced for unvaped cinnamon-flavored e-liquids ([Fig. 3](#fig0015){ref-type="fig"}B and C) in comparison to cinnamon-flavored aerosol condensates ([Fig. 4](#fig0020){ref-type="fig"}B and C).Fig. 4The effect of e-liquid aerosol condensates on reactive oxygen species production. MG-63 cells were exposed for 24 h to 0.0025 %, 0.025 %, 0.25 % or 1.0 % of nicotine-free aerosol condensate. Results are expressed as fluorescence intensity per cell number. Each bar represents the mean ± SEM of at least six independent experiments. Groups with different letters are significantly different from each other (p \< 0.05).Fig. 4

Collectively, these results suggest the higher cytotoxicity observed with cinnamon-flavored e-liquids might be associated with higher ROS production rather than to changes in the expression of collagen type I protein

4. Discussion {#sec0080}
=============

The rapid rise in popularity of e-cigarettes calls for further characterization of their impact on human health. Indeed, e-cigarettes are now the most commonly used tobacco products among youth \[[@bib0245]\]. This widespread popularity raises many concerns as the risks associated with e-cigarette use have not been well defined, especially long-term. While the effects of conventional tobacco products on the skeletal system have been extensively described, the effects of e-cigarettes on bone health remain unknown. Conventional tobacco cigarette use can disrupt the dynamic bone remodeling process, resulting in loss of bone mass and increased risk of osteoporosis \[[@bib0120], [@bib0125], [@bib0130], [@bib0135], [@bib0140]\]. The detrimental impact of conventional tobacco products on bone function stresses the need for a better understanding of the effects of e-cigarettes on the skeletal system. Previous *in vitro* studies show that the effects of e-cigarettes can occur independently of nicotine \[[@bib0065],[@bib0080],[@bib0085],[@bib0220]\]. However, the effects appear to be dependent on the flavorings \[[@bib0065],[@bib0075],[@bib0080],[@bib0210]\], with cinnamon-flavored e-liquids being the most cytotoxic \[[@bib0080],[@bib0100], [@bib0105], [@bib0110]\]. Hence, the present study investigates the effects of nicotine-free, cinnamon-flavored e-liquids and aerosols on human tumor-derived osteoblast-like MG-63 cells by evaluating cytotoxicity, changes in collagen type I protein and ROS production.

A study involving 185 e-cigarette users reports that the median number of puffs per day is 132, with most users taking puffs in series \[[@bib0250]\]. On average, the puff lasts about 3.20 s with 13 s interval. In another study, Hua et al. \[[@bib0255]\] report an average puff lasting 4.3 s with the range of duration being from 1.9 to 8.3 s. The wide variation among e-cigarette users makes the development of standard exposure systems difficult, including the use of VITROCELL smoke exposure system modified for e-cigarette aerosol exposure \[[@bib0260], [@bib0265], [@bib0270]\]. This current study generates aerosol condensate from 40 puffs of 3 s with 27 s interval, which falls within the range of puff duration observed \[[@bib0255]\] and the method used by previous aerosolized exposure studies \[[@bib0075],[@bib0090],[@bib0210],[@bib0230],[@bib0240]\]. We observe a decrease in cell viability upon exposure to flavorless and cinnamon-flavored aerosol condensate. However, the effect is much more pronounced with cinnamon-flavored e-liquids, corroborating the results of previous *in vitro* studies that used human pulmonary fibroblasts, embryonic stem cells, lung epithelial cells and monocytes \[[@bib0065],[@bib0070],[@bib0100],[@bib0110]\]. We reported a similar cytotoxicity profile in our previous study using unvaped e-liquids \[[@bib0080]\].

Cinnamaldehyde has been identified as the most potent chemical in cinnamon-flavored e-liquids

\[[@bib0070]\], and the levels of cinnamaldehyde used vary greatly between e-liquids, sometimes reaching very high concentrations \[[@bib0105],[@bib0110]\]. Interestingly, cinnamaldehyde is detected in a wide variety of e-liquids other than cinnamon-flavored e-liquids such as cherry-flavored, espresso-flavored and caramel-flavored e-liquids \[[@bib0105]\]. Studies using cinnamaldehyde itself show that this flavoring agent is cytotoxic \[[@bib0105],[@bib0210],[@bib0100],[@bib0110],[@bib0215]\] and can induce proinflammatory responses and oxidative stress in human lung epithelial cells, fibroblasts and monocytotic cell lines \[[@bib0100],[@bib0230]\]. Cinnamaldehyde also has immunosuppressive effects on respiratory innate immune cells \[[@bib0090]\]. Interestingly, our study reveals differences between brands, with the Napalm e-liquid from Mister-E-Liquids causing greater cytotoxicity than Cinn Candy from Vape Dudes. Preliminary studies suggest this might be due to cinnamaldehyde. Indeed, using quantitative ATR FTIR spectroscopy to measure the cinnamaldehyde concentrations in our unvaped e-liquid we observe higher cinnamaldehyde levels in Napalm compared to Cinn Candy (unreported data). The broad range of flavorings concentrations in e-liquids and brand-specific toxicological effects suggest a need for better regulation and limitation in the use of flavoring agents in the production of e-liquids.

Collagen type I is critical for a healthy microarchitecture of the skeletal system as this protein composes the main organic compounds in bones. The integrity of bone collagen is essential for the strength of bones and their resistance against fracture \[[@bib0275]\], which suggests that disrupting the collagen-depositing function of osteoblasts could increase the risk of osteoporosis. Our study reports no significant changes in the cytosolic levels of collagen type I protein when exposed to aerosol condensate compared to untreated cells. This suggests that collagen type I production is not a target for the cytotoxicity of the aerosol condensates tested in this study. Nonetheless, our previous study shows that unvaped mango-flavored e-liquid induces an increase in the expression collagen type I protein \[[@bib0080]\]. The differential responses might be due to different exposure methods and flavor as this study uses aerosolized cinnamon-flavored e-liquids instead of unvaped fruity-flavored e-liquids. Interestingly, a recent study reports impairment of normal mesenchymal stem cell (MSC) differentiation to osteoblasts upon exposure to strawberry-flavored aerosolized e-liquid in part through the inhibition of collagen type I mRNA \[[@bib0280]\]. The variability in collagen type I mRNA or protein expression in these studies points to the need for further research on potential flavor-dependent alteration in this important osteoblast protein.

In addition to impaired MSC differentiation, Shaito et al. \[[@bib0280]\] report high levels of ROS production following e-cigarette extract exposure and suggest oxidative stress is involved in the inhibition of osteogenic differentiation. A recent study also reports an increase in free radical production from cinnamon-flavored e-liquid aerosols \[[@bib0180]\]. Similarly, this study demonstrates the potential of cinnamon-flavored e-liquids and aerosols to induce oxidative stress. Indeed, both unvaped and aerosolized cinnamon-flavored e-liquids increase the production of ROS, whereas flavorless e-liquids did not significantly alter the levels of ROS. These results suggest a mechanism for the cytotoxicity of cinnamon-flavored e-liquids through the induction of oxidative stress. It is worth noting that the levels of ROS were much higher following exposure to unvaped e-liquids compared to the aerosol condensates, potentially indicating a higher concentration of active chemicals in unvaped e-liquids. Preliminary studies are currently analyzing the levels of cinnamaldehyde in unvaped e-liquids and in aerosol condensates to establish a potential relationship between the levels of cinnamaldehyde, cytotoxicity and ROS production associated with cinnamon-flavored e-liquids. Together, the study by Shaito et al. \[[@bib0280]\] and this present study propose a potential mechanism through which e-cigarette use could impair the function of osteoblast by inducing oxidative stress through increased production of ROS.

We conclude that the elevated cytotoxicity of cinnamon-flavored e-liquids in human osteoblast-like cells is potentially linked to the production of reactive oxygen species rather than to changes in collagen type I protein expression. This research is one of the first *in vitro* studies to demonstrate the potential adverse consequences of e-cigarette use on bone cells.
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